a result, air temperature induced thermal radiative cooling anomalies would balance out most of the radiative heating anomalies in the lower troposphere. The remaining part of the radiative heating anomalies is then taken away by an enhancement (a reduction) of upward energy transport in the central-eastern (western) Pacific basin, a secondary contribution to the air temperature anomalies in the lower troposphere. Above the middle troposphere, radiative effect due to water vapor feedback is weak. Thermal radiative cooling anomalies are mainly in balance with the sum of latent heating anomalies, vertical and horizontal energy transport anomalies associated with atmospheric dynamic response and the radiative heating anomalies due to changes in cloud. The pattern of Gill-type response is attributed mainly to the non-radiative heating anomalies associated with convective and large-scale energy transport. The radiative heating anomalies associated with the anomalies of high clouds also contribute positively to the Gill-type response. This sheds some light on why the Gilltype atmospheric response can be easily identifiable in the upper atmosphere.
Introduction
The hallmark of an El Niño, in terms of sea surface temperature (SST) anomalies, is the pattern of anomalous warming in the equatorial central-eastern Pacific and cooling in the western equatorial Pacific (Bjerknes 1969; Larkin 2005; Kao and Yu 2009) . Associated with the anomalous SST pattern is an eastward shift of the rising branch of the Walker Circulation from the equatorial western Abstract A new framework is proposed to gain a better understanding of the response of the atmosphere over the tropical Pacific to the radiative heating anomaly associated with the sea surface temperature (SST) anomaly in canonical El Niño winters. The new framework is based on the equilibrium balance between thermal radiative cooling anomalies associated with air temperature response to SST anomalies and other thermodynamic and dynamic processes. The air temperature anomalies in the lower troposphere are mainly in response to radiative heating anomalies associated with SST, atmospheric water vapor, and cloud anomalies that all exhibit similar spatial patterns. As
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Pacific to the central Pacific. The eastward shifting of the Walker Circulation is manifested by upward (downward) motion anomalies and anomalous divergence (convergence) in the upper troposphere over the central equatorial (western) Pacific region (Zebiak 1986; Trenberth et al. 1998; Ashok et al. 2007; Yuan and Yang 2012) . Associated with the anomalous divergence flow is a pair of off-equator anticyclonic circulation anomalies on the west and an equatorial positive center of geopotential height anomaly on the east (Gill 1980; Rasmusson and Kingtse 1993) . For an easy reference, we refer to such spatial pattern of geopotential height anomaly as a positive "tripod" of circulation anomalies. The off-equator anti-cyclonic circulation anomalies serve as the source of Rossby wave train emanating from deep tropic into the extratropics along the great circle route (Hoskins and Karoly 1981; Philander 1990; Trenberth et al. 1998) . In this way, an El Niño leads to profound impacts on weather and climate over the globe, including remote regions via teleconnections (Wang et al. 2000 (Wang et al. , 2012 Alexander et al. 2002; Lyon and Barnston 2005; Ashok et al. 2007) . Besides this positive tripod, there exists a negative tripod associated with the downward motion anomalies over the western equatorial Pacific, namely a pair of off-equator anomalous cyclonic centers on the west and a negative geopotential height center on the east centered at around l50°E (DeWeaver and Nigam 2004) . Gill (1980) provided an analytic solution of the idealized atmospheric dynamic response to a localized diabatic heating anomaly center, which exhibits a positive tripod spatial pattern. It represents the dynamic balance of a pair of westward propagating Rossby anti-cyclonic circulation anomalies and an eastward propagating high-pressure Kelvin mode in the upper troposphere with the positive diabatic heating anomalies below. Conversely, a negative tripod spatial pattern in the upper troposphere can be regarded as the Gill-type response to a diabatic cooling anomaly. DeWeaver and Nigam (2004) used a linear general circulation model to prove that in the upper troposphere during the mature phase of El Niño events, the co-existence of a positive tripod of circulation anomalies over the central tropical Pacific and a negative tripod above the western tropical Pacific can be regarded as the Gill-type response to a pair of localized heating anomalies of opposite sign with positive value in the east and negative value in the west (see Fig. 1a ).
The Gill solution also predicts that there is a tripod with the opposite sign in the lower troposphere centered at the localized diabatic heating center Wu 2003) . In other words, one would expect a negative (positive) tripod spatial pattern over the central/eastern (western) tropical Pacific in the lower troposphere during El Niño events, if the Gill-type response would prevail. During El Niño events, the surface pressure anomalies and geopotential height anomalies in the lower troposphere exhibit negative values over the tropical eastern Pacific but positive values over the western equatorial Pacific, indicating a negative Southern Oscillation pattern (Rasmusson and Carpenter 1982; Rasmusson and Wallace 1983) . However, the accompanied off-equator circulation anomalies of the same sign as in the Gilltype response are unpronounced or too far away (about 5°-10° of latitude further away from the equator) from the equator in the lower troposphere (Fig. 1f or 2c) . The lack of Gill-type dynamic response signal in the lower atmosphere seems to indicate that the thermodynamic response would have to play a more important role in the observed response to SST anomalies in the lower troposphere. Thermodynamic processes yield different spatial patterns in the lower-tropospheric response to SST anomalies of El Niño events, especially near the surface (Lindzen and Nigam 1987; Battisti et al. 1999; Chiang et al. 2001; Back and Bretherton 2009) . Battisti et al. (1999) found that the circulation anomalies near the surface were forced by sensible and latent heat flux anomalies while circulation anomalies above the boundary layer were forced by the latent heating anomaly. Furthermore, Chiang et al. (2001) reported that the Gill type response above the boundary layer contributed significantly to the surface zonal wind but the meridional wind was primarily forced by the gradient of SST anomalies associated with El Niño events. Back and Bretherton (2009) and Zhang et al. (2012) discussed the relative contributions from the thermodynamic process in the boundary layer and the dynamic process above the boundary layer. The existence of clearly organized Gill-type response in the middle and upper troposphere but less organized one in the lower troposphere was duplicated in model simulations of El Niño (Lee et al. 2009 ).
The main objective of this study is to delineate the roles of the thermodynamic and dynamic responses to SST anomalies associated with canonical El Niño events. Geopotential height (z � ) and air temperature anomalies (T � ) are related to one another via the hydrostatic balance (or the hypsometric equation), namely, where g is the gravity and T ′ corresponds to the air temperature anomalies in the layer between two isobaric surfaces p lower_level and p upper_level . Therefore, one can infer the geopotential height anomalies at an isobaric surface above 1000 hPa from geopotential height anomalies at 1000 hPa
and the temperature anomalies in the layers below the isobaric surface under consideration. In particular, as elevation increases, positive geopotential height anomalies are co-located with warm temperature anomalies and negative height anomalies with cold temperature anomalies. In this light, we will focus on air temperature response in this study. Specifically, we wish to examine how the response in atmospheric temperature transitions from the thermodynamically-driven response in the lower troposphere, which resembles to the SST anomaly pattern, to the pattern characterized by the Gill-type response in the upper atmosphere. The remaining part of this paper is organized as follows. Section 2 presents the analysis framework of the coupled dynamic and thermodynamic responses and Sect. 3 describes data and analysis procedures. The features of atmospheric response to SST anomalies associated with El Niño events are presented in Sect. 4. Section 5 discusses the attribution of temperature response to individual radiative and non-radiative heating anomalies. Conclusions are given in Sect. 6.
Analysis framework
A new framework is proposed to delineate the atmosphere response to SST anomalies. The main feature of this new framework is to divide loosely the atmosphere response to anomalous upward longwave radiative fluxes associated with SST anomalies into two parts: non-temperature response and temperature response. Non-temperature response includes the changes in atmospheric dynamics processes, such as those in convective activity and large-scale atmospheric circulation (e.g., the Gilltype response), as well as the changes in non-temperature thermodynamic variables such as water vapor and cloud anomalies. The changes in atmospheric dynamics processes redistribute energy both vertically and horizontally far away from the original diabatic heating anomaly, but also generate additional heating anomalies, such as latent heat anomalies. Associated with the changes in non-temperature thermodynamic variables are radiative heating anomalies. It is the anomaly of thermal radiative cooling rate associated with the changes in air temperatures that is in balance with the sum of these individual non-temperature induced radiative heating anomalies and non-radiative energy flux convergence anomalies. The formulation of the new framework is based on the perturbation equation of energy balance in an atmospheric layer j, namely, where Δ (RAD) Q j corresponds to the total changes in the net radiative heating rate within the layer. Δ (DYN) Q j corresponds to the non-radiative energy flux convergence anomalies into the layer, which are equal to the sum of perturbations in energy redistributions by convective and large-scale atmospheric motions as well as changes in energy fluxes entering the atmosphere due to the changes in surface sensible and latent heat fluxes. Note that in (2) we neglect the heat storage term in atmospheric layers, which is very small for
interannual-scale phenomena such as El Niño. By evoking a linear approximation, we have where Δ (T below ) Q j is the absorption of the perturbation longwave radiative flux of the layer emitted from the layers below associated with air/surface temperature anomalies, whereas Δ (T above ) Q j is the absorption of the perturbation longwave radiative flux of the layer emitted from the layers above associated with air temperature anomalies there. Δ (WV) Q j and Δ (C) Q j are the net radiative heating rate perturbations of the layer due to the changes in atmospheric water vapor (WV) and clouds (C), respectively. Δ (T j ) R j is the radiative thermal cooling rate anomalies due to atmospheric temperature anomalies of the layer (T j ), and Δ (other) Q j denotes the net radiative heating rate perturbation of the layer due to the changes in stratospheric ozone and surface albedo. Because the part of Δ (other) Q j due to the change in ozone is very small in the troposphere and the part of Δ (other) Q j due to the change in surface albedo is nearly equal to zero over tropical oceans, we neglect the term Δ (other) Q j in this study. Combining (2) and (3) without the term Δ (other) Q j yields Next, we calculate the pattern-amplitude projection (PAP; Deng et al. 2012 ) coefficients according to where ϕ and λ are respectively latitude and longitude, and a is the radius of the earth, and the symbol "A" denotes the area of the tropical Pacific domain of 30°S-30°N, 90°E-90°W. Δ (X) Q j is one of the terms on the right hand side (RHS) of (3) in the jth atmospheric layer. The summation of PAP (X) j over all terms on the RHS of (4) is approximately equal to the amplitude of the spatial pattern of
that the approximation in (3) is valid (the approximation is due to the linearization of the radiative transfer model and the neglecting of the small term
ures the relative contribution of each term on the RHS of (4) to Δ (T j ) R j in the jth atmospheric layer in terms of both spatial pattern and amplitude. It follows that the closer the (3) to the amplitude of the spatial pattern of Δ (T j ) R j , the larger the contribution of the corresponding process to both spatial pattern and amplitude of temperature response. Thus, we can say that the atmospheric temperature change in the layer over area A is mainly in response to the process X because the radiative cooling associated with air temperature change (Δ (T j ) R j ) is mainly in balance with Δ (X) Q j .
Data and analysis procedures
The data used in this study are obtained from the European Centre for Medium-range Weather Forecasts (ECMWF) Re-Analysis Interim (ERA-Interim; Dee and Uppala 2009; Dee et al. 2011) . The atmospheric variables include geopotential height, air temperature, specific humidity, ozone mixing ratio, cloud cover, and cloud liquid/ice water content. All atmospheric variables are defined at 37 pressure levels from 1000 to 1 hPa. We also consider the incoming solar energy flux at the top of the atmosphere (TOA), the surface skin temperature, the upward longwave radiative flux at the surface, surface albedo, and surface sensible/ latent heat fluxes. Following Hu et al. (2016), we use the data in the periods of the four major canonical El Niño winters (1982/1983, 1986/1987, 1997/1998, and 2006/2007) and eight ENSO-neutral winters (1980 ENSO-neutral winters ( /1981 ENSO-neutral winters ( , 1981 ENSO-neutral winters ( /1982 ENSO-neutral winters ( , 1985 ENSO-neutral winters ( /1986 ENSO-neutral winters ( , 1989 ENSO-neutral winters ( /1990 ENSO-neutral winters ( , 1992 ENSO-neutral winters ( /1993 ENSO-neutral winters ( , 1993 ENSO-neutral winters ( /1994 ENSO-neutral winters ( , 2001 ENSO-neutral winters ( /2002 ENSO-neutral winters ( , and 2003 ENSO-neutral winters ( /2004 to construct the composite El Niño and neutral events, respectively. The differences (denoted by the symbol Δ) between the composite El Niño and neutral events are referred to as El Niño anomalies. We focus on the El Niño anomalies over the tropical Pacific and part of the East Asia monsoon region (30°S-30°N, 80°E-80°W).
We use the Fu-Liou radiative transfer model Liou 1992, 1993) to evaluate all terms in (2) at the original 37 levels of the ERA-interim on each grid point as the following:
where Q j is the net radiative energy flux convergence (in units of W/m 2 ) in each atmospheric layer obtained from the radiative transfer model using the information of T, WV, and C, as well as other variables/parameters (denoted as "other") such as the incoming solar radiative flux at the TOA, ozone, and surface albedo. The superscript "N" and "E" denote, respectively, the variables derived from the composite mean fields of the eight ENSO-neutral winters and the four major El Niño winters. In (6), subscript "all" denotes temperature in all layers including the surface level. Subscripts "below_j" and "other_b" represent the temperatures in the layers below j (which includes SST) and the temperatures in the remaining layers, respectively. Subscripts "above_j" and "other_a" denote the temperatures in the layer above j and the remaining layers respectively, and "j" and "other_j" denote the temperatures at the layer j and in other layers respectively. Note that the vertical profiles of C include cloud liquid and ice water as well as cloud area. We then use (2) to infer the term Δ (DYN) Q j indirectly as
Equations (6) and (7) enable us to obtain all of the terms in (4). It can be verified that the approximation (3) is indeed valid, implying that the perturbation of total net radiative heating rate in each layer can be linearly decomposed into individual terms given in (6).
Note that because the units of all terms in (6) have been converted from K/s (degree per second) to W/m 2 , they can be summed up vertically without changing their physical meanings. For example, the vertical summation of Δ (WV) Q j from the lowest to the highest atmospheric layers corresponds to the perturbation in the net radiative heating rate by the atmosphere due to the changes in atmospheric water vapor. Therefore, we can reduce the number of layers in our discussions to a few selected layers by adding the terms vertically. We have divided the atmospheric column broadly into six layers in presenting the results of (3) and (4): one for the boundary layer (1000-925 hPa), two for the lower troposphere (925-800 hPa and 800-600 hPa), one
for the middle troposphere (600-400 hPa), and two for the upper troposphere (400-250 hPa and 250-150 hPa). We will explain geopotential height anomalies at the interface levels (i.e., 925, 800, 600, 400, 250, and 150 hPa) from sealevel pressure anomalies and the layer temperature resulted according to (1).
An overview of the key features of atmospheric anomalies of El Niño events
We here present an overview of the salient features of atmospheric circulation anomalies observed during El Niño events. During El Niño winters, the geopotential height anomalies over the tropical Pacific at various levels corresponded to the composite SST anomalies (Fig. 2a) are displayed in Fig. 1 . It shows that in the upper troposphere above 500 hPa, there exists a pair of negative and positive tripods of circulation anomalies centered over the western and eastern tropical Pacific, respectively (Fig. 1a and b) . The intensity of geopotential height anomalies is strongest at 200 hPa. The existence of such a pair of tripods in the upper troposphere is consistent with the Gill-type response to a pair of localized heating anomalies of opposite sign with positive values in the east and cooling anomalies in the west (DeWeaver and Nigam 2004) . Below the middle troposphere ( Fig. 1d-f) , the geopotential height response mainly shows negative values over the tropical eastern Pacific but positive values over the western Pacific, indicating the negative Southern Oscillation pattern during El Niño winters (Rasmusson and Wallace 1983; ScherllinPirscher et al. 2011) . The off-equator positive and negative centers in the low-level are far away from the equator. Therefore, the canonical low-level Gill-type response is not observed in the lower troposphere. The lack of Gill-type dynamic response signal in the lower atmosphere seems to indicate that the thermodynamic response could play a more important role in the observed response to SST anomalies in the lower troposphere. It is seen from Fig. 3 that the spatial pattern of air temperature anomalies in the lower troposphere is similar to SST anomalies, including the positive and negative centers that are far away from the equator. The Gill-type response begins to emerge clearly at 500 hPa with the maximum intensity at 300 hPa. Therefore, one would infer from the hydrostatic balance that the pair of tripod patterns in geopotential height anomalies exists only at levels above 500 hPa with the maximum intensity at 300 hPa. According Fig. 1 but for mass-weighted mean layer temperature anomalies (K) in the layers of a 250-175 hPa, b 400-250 hPa, c 600-400 hPa, d 800-600 hPa, e 925-800 hPa, and f 1000-925 hPa to Fig. 1 , the maximum amplitude of the tripod patterns in the field of geopotential height anomaly is at 200 hPa. The ability of using the hydrostatic balance (1) to infer geopotential height anomalies from air temperature response to SST anomalies is the rationale that prompts us to focus on air temperature response in the framework of (4) for explaining the dominance of the thermodynamicallydriven response in the lower troposphere but the Gill-type response in the upper troposphere. Now let us examine the anomaly fields that are responsible for the energy flux convergence perturbations on the RHS of (4). The anomalous upward longwave radiative flux emitted from the surface during El Niño events (ΔR ↑ S , Fig. 2b ) can be inferred directly from the corresponding SST anomalies (Fig. 2a) can be regarded as the "source of external forcing" for the atmospheric response since its absorption by the atmosphere, i.e. the first term on the RHS of (4) for j = 1 or the layer centered around 950 hPa, is a source of energy outside the atmosphere component of the coupled atmosphere-ocean system in the analysis framework (4). Here we wish to reiterate that the anomalous surface latent and sensible fluxes are also "external forcings" to the atmosphere component. Since the ERA-Interim does not include the information about non-radiative diabatic heating rates in the atmosphere, the effect of anomalous surface latent and sensible fluxes entering the atmosphere has been blended in the last term on its RHS as the perturbation of the sum of non-radiative diabatic heating rate and convective/advective energy flux convergence.
The atmospheric water vapor anomalies of the composite El Niño (Fig. 4) exhibit a similar spatial pattern as the SST anomalies, showing a moistening center in the equatorial central and eastern Pacific but drying anomalies in the western equatorial Pacific and the off-equator tropical latitudes in both hemispheres. This feature is consistent with the results of Prabhakara et al. (1985) and Takahashi et al. (2013) . The horizontal pattern of atmospheric water vapor anomalies remains largely unchanged throughout the troposphere but its amplitude decreases gradually with height in the lower troposphere and diminishes in the upper troposphere. The cloud water/ice content anomalies of the composite El Niño, however, exhibit large amplitude in the middle and upper troposphere (Fig. 5b-d) . The spatial pattern of cloud water/ice content anomalies in the middle and upper troposphere resembles greatly to that of the rainfall anomalies of the composite El Niño (Fig. 6) , suggesting that most of condensation or latent heating anomaly takes place in the middle and upper troposphere. This conjecture is consistent with the vertical motion anomalies of the composite El Niño (Fig. 7) . Specifically, the spatial patterns of vertical motion anomalies at 700, 500, and 300 hPa (Fig. 7b-d) are all similar to not only one another but also the cloud water/ice content anomalies at these layers ( Fig. 5b-d ) and rainfall anomalies (Fig. 6) . The nearly perfect positive correlation among these spatial patterns indicates that the most latent heating anomalies take place in the layers between 700 and 300 hPa where both vertical motion and cloud content anomalies are strongest and their spatial patterns match the spatial pattern of rainfall anomalies. The pattern of downward motion anomalies with less clouds and reduction of rainfall over the western equatorial Pacific and upward motion anomalies with more clouds and enhancement of rainfall over the centraleastern Pacific is indicative of the weakening of the Walker Circulation during the mature phase of El Niño (Philander 1990 , Hsu 1994 Power and Smith 2007) . The dominance of the downward motion anomalies away from the equator, together with the dominance of the rising motion anomalies along the equatorial Pacific, is suggestive of the strengthening of the Hadley Circulation (Oort and Yienger 1996; Sun et al. 2013; Nguyen et al. 2013) .
In summary, the key features of the non-air temperature changes over the tropical Pacific associated with the SST anomalies during El Niño winters include the following: (1) strengthening (weakening) of the upward thermal radiative (western) equatorial Pacific. In the next section, we will consider the effects of radiative heating and non-radiative energy flux anomalies and examine how they are balanced by radiative thermal cooling anomalies associated with air temperature response.
Attribution of air temperature response to anomalies of radiative and non-radiative processes
The anomalies of the radiative thermal cooling rate associated with the air temperature anomalies at the six layers of 950, 850, 700, 500, 300, and 200 hPa (Fig. 8 ) exhibit similar spatial patterns as the air temperature anomalies shown in Fig. 3 , because warm (cold) air temperature anomalies would emit more (less) thermal energy. We now attribute the air temperature anomalies to radiative and non-radiative heating rate perturbations by examining their balance with the air temperature induced radiative cooling anomalies during El Niño winters. Figure 9 shows the PAP coefficients of each term on the RHS of (4) onto the left hand side (i.e., Δ (T j ) R j shown in Fig. 8 ) as a function of height. It is seen from Fig. 9 that the radiative response (the orange and purple portions in 1000-925 hPa) to SST anomalies accounts for a large portion of the spatial pattern of radiative thermal cooling rate anomalies in the boundary layer (1000-925 hPa, Δ (T 1 ) R 1 ). A large portion of the energy emitted from the surface due to SST anomalies (Fig. 2b) is absorbed in the boundary layer (Fig. 10f) , explaining why the air temperature response in the boundary layer resembles the SST anomalies greatly. The changes in upward thermal radiative fluxes related to the temperature anomalies in the boundary layer and at surface also lead to changes in the absorption of the layer of 925-800 hPa (Fig. 10e ). This in turn leads to changes in the thermal cooling rate at this layer (Δ (T 2 ) R 2 , Fig. 8e ) and then changes in the boundary layer absorption of thermal emission from the layers above (Δ (T above ) Q 1 , Fig. 11f ). The sum of the changes in the boundary absorption of thermal emission from other layers accounts for nearly 85% the spatial pattern of radiative thermal cooling rate anomalies in the boundary layer. In this case, the anomalous warming over the equatorial central and eastern Pacific but horseshoeshape cooling over the western pacific (Fig. 3f or Fig. 8f ) can be explained nearly entirely by the boundary layer's absorption of anomalous longwave emission from ocean surface below.
In the tropics, positive (negative) surface pressure anomalies tend to collocate with negative (warm) temperature anomalies at the surface and in the lower troposphere. Therefore, the largely east-west see-saw pattern with a weak off-equator maximum centers in surface pressure anomalies (Fig. 2c) and in geopotential height anomalies in the boundary layer (Fig. 1e, f) are response to the thermal radiative heating anomalies associated with SST anomalies rather than the diabatic heating anomalies associated with convection. In particular, those off-equator anomalies shown in Fig. 1e, f or Fig. 3e , f are largely not part of the Gill-type response. Above the lower troposphere, the direct effect of SST anomalies diminishes very quickly (Fig. 10a-c) . Because SST anomalies no longer play a direct role in causing air temperature change far above the boundary layer, the spatial pattern of air temperature anomalies differs from the SST anomaly pattern more and more as elevation goes up (see the orange and purple portions of the bars in Fig. 9) . Displayed in Fig. 12 are the radiative heating rate anomalies due to the change in atmospheric water vapor (Δ (WV) Q j ). As discussed in Sejas et al. (2016) , an increase 
amplitude of Δ (T j ) R j at the jth layer over domain A (90°E-90°W and 30°S-30°N). It has been confirmed that the sum of the values represented by the color bars is approximately equal to the "Total" in every layer, indicating the approximation (3) is indeed valid of atmospheric greenhouse gases in a tropospheric layer, such as atmospheric water vapor, would lead to positive (negative) radiative heating anomalies in the layers below (above). The reversal can be said for a decrease of atmospheric water vapor in a tropospheric layer. Recall that atmospheric water anomalies (Fig. 4) tend to concentrate below the middle troposphere and are positively correlated with SST anomalies. This feature explains why the spatial pattern of Δ (WV) Q j in the lower troposphere (panels d-f of Fig. 12 ) is positively correlated with SST anomalies but negatively correlated with Δ (WV) Q j in the upper troposphere (panels a-c of Fig. 12) . As a result, Δ (WV) Q j contributes to the air temperature changes positively and strongly in the lower troposphere but negatively and weakly in the upper troposphere (see the green portion of the bars in Fig. 9 ).
We have confirmed that different from the surface, throughout the atmosphere the longwave portion of the radiative heating rate anomalies (Δ (C) Q j ) or the greenhouse effect is greater than the shortwave portion or the reflection effect (Bergman and Hendon 2000; Wang and Su 2013) . Therefore, the behavior of the net effect of Δ (C) Q j is similar to the effect of Δ (WV) Q j , as far as the sign is concerned, namely large positive (weak negative) radiative heating anomalies below (above) the layer where cloud content anomalies are positive. Unlike atmospheric water vapor, which mainly resides in the lower troposphere, clouds and their changes can take place largely in the upper troposphere. This is especially true for the equatorial region where cloud anomalies are associated with the changes in deep convection as both cloud and upward motion anomalies are large and are positively correlated one another even in the upper troposphere (Fig. 5 versus Fig. 7) . In light of the aforementioned factors, one would expect positive values of Δ (C) Q j over the equatorial eastern and central Pacific throughout the troposphere but negative values over the western equatorial Pacific (Fig. 13) due to the weakening of the Walker Circulation or the weakening (strengthening) of deep convections over the western (central-eastern) equatorial Pacific. As a result, Δ (C) Q j contributes positively to the air temperature changes in the equatorial eastern and central Pacific throughout the troposphere. In the lower troposphere, Δ (C) Q j also contributes positively to the air temperature anomalies outside the equatorial basin, becoming the second leading contributor to Δ (T j ) R j over the entire tropical Pacific in the layer of 925-800 hPa (gray portion of the bars in Fig. 9 ). In the upper troposphere, Δ (C) Q j is weakly correlated with Δ (T j ) R j outside the equatorial Pacific basin, partially because the amplitude of cloud anomalies becomes weaker away from the equatorial latitude band in the upper troposphere. As a result, the positive contribution The non-radiative heating anomalies (Δ (DYN) Q j ) include latent heat release anomalies and perturbations in energy redistributions by convective and largescale atmospheric motions as well as changes in energy fluxes entering the atmosphere due to the changes in surface sensible and latent heat fluxes. Overall, the nonradiative heating anomalies are negatively correlated with the upward motion (−ω) anomalies (i.e., Fig. 14 versus Fig. 7) , particularly along the equatorial latitude band. This seems to indicate that the non-radiative heating anomalies are mainly associated with the energy redistributions by convective and large-scale atmospheric motions because latent heat release anomalies are expected to be positively correlated with upward motion anomalies. In other words, the negative ( 
Conclusions
Using the ERA-Interim reanalysis data set, four major canonical El Niño events and eight neutral cases are selected for the period of 1979-2013. The DJF-mean differences between the two groups are regarded as the composite anomalies for the mature phase of the canonical El Niño. We have confirmed that the spatial pattern of air temperature anomalies in the lower troposphere is similar to SST anomaly pattern and the Gill-type response begins to emerge mainly in the layers above 500 hPa with the maximum intensity at 300 hPa. To gain a better understanding of why the Gill-type response to SST anomalies over the tropical Pacific during El Niño mature phase is observed mainly in the upper troposphere, we examine the balance of thermal radiative cooling anomalies associated with air temperature response to SST anomalies with radiative transfer and dynamic processes. We have verified that analysis on these four major El Niño events individually yields more or less the same results as the composite El Niño. Therefore, our attribution analysis is robust.
Most of the anomalous upward longwave radiative fluxes associated SST anomalies are absorbed in the boundary layer. In response to such heating anomalies, air temperature anomalies in the boundary layer exhibit a similar spatial pattern as the SST anomalies so the associated thermal radiative cooling anomalies would balance out most of the absorbed energy. The moistening and more clouds in the lower troposphere produce positive radiative heating anomalies in the equatorial central and eastern Pacific but drying and less clouds in the western equatorial Pacific introduce negative radiative heating anomalies. The air temperature anomalies in the lower troposphere are mainly in response to water vapor and cloud-induced radiative heating anomalies to reach a radiative equilibrium balance. The remaining part of the radiative heating anomalies is taken away by an enhancement (a reduction) of upward energy transport in the central-eastern (western) Pacific basin. The non-radiative heating anomalies associated with the changes in dynamics contribute secondarily to the air temperature anomalies in the lower troposphere. The dominance of the radiative heating anomalies associated with SST anomalies in the lower troposphere explains why the Gill-type response in the low levels is identifiable mainly in a dynamic model that does not include radiative heating processes.
Above the middle troposphere, the radiative effect due to water vapor feedback is weak. Thermal radiative cooling anomalies are mainly in balance with the sum of latent heating anomalies, the vertical and horizontal energy transport anomalies associated with atmospheric dynamic response, and the radiative heating anomalies due to cloud changes. The pattern of Gill-type response is attributed mainly to non-radiative heating anomalies associated with convective and large-scale energy transport. The radiative heating anomalies associated with the anomalies of high clouds also contribute positively to the Gill-type response. 
